The MBCs of nafcillin, vancomycin, gentamicin and daptomycin (LY146032) were determined for three clinical isolates of coagulase-negative staphylococci grown in suspension and adherent to biomaterials. Strains studied were the slime-producing strain Staphylococcus epidermidis RP-12 (ATCC 35983), S. hyicus SE-360, and the non-slime-producing strain S. hominis SP-2 (ATCC 35982). All three strains were allowed to colonize surgical-grade disks of stainless steel, polymethylmethacrylate, and ultrahigh-molecular-weight polyethylene for 24 h, and the disks were then exposed to various concentrations of antibiotics for 24 h. Surviving adherent bacteria were mechanically dislodged from the disks and quantitated by standard broth dilution plating techniques. Biomaterial-adherent RP-12 and SE-360 yielded approximately 10 times more CFU per disk than non-slime-producing SP-2 did. For all organisms, 10 times more bacteria bound to polymethylmethacrylate disks than to the other biomaterials. In general, bacteria adherent to biomaterials exhibited greater resistance to antibiotics than the same strains in suspension did. Resistance was independent of bacterial slime-producing characteristics and was related to the biomaterial colonized.
Biomaterial-centered infections are characterized by the following features: (i) a biomaterial or damaged tissue substratum; (ii) adhesive, frequently polymicrobial bacterial colonization; (iii) persistence of infection until the substratum is removed; (iv) resistance to host defense mechanisms and antibiotic treatment; (v) specificity of materials, organisms, and location; and (vi) transformation of autochthonous or opportunistic organisms to virulent pathogens (18) .
Mechanisms of antibiotic resistance have not been well characterized. A biofilm barrier effect has been proposed (4, 5, 7, 16, 30) . Studies have shown that when organisms are grown in suspension they are susceptible to lower concentrations of antibiotics than when they are in surface-adherent, biofilm-enclosed populations (4, 5, 16, 20, 24) . The selection of therapeutic antibiotics is usually based on standard suspension culture MIC and MBC studies. In this study, antibiotic susceptibilities of organisms grown in suspension and on biomaterials were examined.
The ability of antibiotics to kill coagulase-negative staphylococci is clinically important, since studies have shown that staphylococci are major colonizers of surgical biomaterials, including heart valves, intravascular catheters, and orthopedic appliances (la, 6). Prosthetic infections are generally resistant to antibiotic therapy and frequently require removal of the implant before eradication of the infection is possible (12) (13) (14) (15) (16) (17) (18) (19) .
Both coagulase-positive and coagulase-negative staphylococci have been reported as causes of biomaterial-centered infections, with a tendency for coagulase-negative species to be associated with polymer-sited infections (2, 12, 15, 26) . In vitro studies have indicated preferential colonization of polymer surfaces by coagulase-negative staphylococci and of metal surfaces by cotgulase-positive staphylococci, although both metal and polymer surfaces are readily colonized by both coagulase-negative and coagulase-positive species (15, 16 (2, 21) . RP-12 is an adherent slime producer, whereas strain SP-2 has been reported to be nonadherent to smooth, inert surfaces and is not a slime producer (2) . SE-360 has not been characterized for either slime production or adhesive properties, but in our laboratory it stains positive with Alcian blue, indicating slime production. All (8) MBCs of antibiotics for adherent bacteria. Bacterial strains were grown in CSMHB for 6 h at 37°C from brain heart infusion slant subcultures to obtain early-to mid-log-phase organisms. The bacteria were then diluted with CSMHB against the 0.5 McFarland turbidity standard to approximately 106 CFU/ml and transferred to sterile six-well plates. Biomaterial disks were placed into the bacterial suspension and incubated at 37°C on a platform rocker (Bellco Biotechnology, Vineland, N.J.). After 24 h, the disks were removed with sterile forceps, and nonadherent bacteria were removed by vigorous agitation of the disks in two 5-ml changes of isotonic phosphate-buffered saline (pH 7.2). Each disk was transferred to 1 ml of each of a series of duplicate log2 dilution steps of antibiotic (range, 0.125 to 256 jig/ml) in 26-well plates maintained at 37°C on a platform rocker. Additional colonized disks were placed in drug-free CSMHB (controls). After 24 h of incubation, the disks were removed and agitated through two 5-ml changes of phosphatebuffered saline to remove nonadherent bacteria. The disks were placed in 10 ml of phosphate-buffered saline, sonicated for 5.5 min in a low-output cleaning sonicator, and mechanically vortexed for 30 s. Supernatants were serially diluted with phosphate-buffered saline in 10-fold steps to 10-6, and 100 ,ul from each tube was spread onto Columbia blood agar. Bacterial colonies were counted after 24 h of incubation at 37°C. The MBC was defined as the lowest drug concentration that resulted in at least a 99.9% reduction in the number of CFU per disk relative to control levels; no higher drug concentrations yielded less than a 99.9% kill (27) . Disks with adherent bacteria were examined under an electron microscope before and after vortexing and sonication to ensure complete removal of the bacteria from the disks.
MBCs of antibiotics for suspended bacteria. The MBC tests were performed in duplicate on suspended bacteria by modification of the MIC microdilution method described previously (22) . Bacterial Comparative in vitro activities of nafcillin, vancomycin, gentamicin, and daptomycin against three strains of coagulase-negative staphylococci. The slime-producing strain S. epidermidis RP-12 was most susceptible to nafcillin (MBC, 0.5 ,ug/ml) and daptomycin (2.0 jLg/ml) and relatively resistant to vancomycin (8 ,ug/ml) and gentamicin (256 ,ug/ml) Table 3 ).
The minimally slime-producing strain SE-360 (S. hyicus) grown in suspension was susceptible to nafcillin (MBC, 0.5 Fg/ml), daptomycin (2 ,ug/ml), and gentamicin (2 ,ug/ml) but resistant to vancomycin (16 j.ig/ml). Once adherent to biomaterial, SE-360 displayed increased resistance to all three antibiotics to which it had previously been susceptible. This was particularly evident for adherence to PMMA. SE-360 did not show an inoculum effect toward any of the antibiotics tested ( Table 3) .
The non-slime-producing coagulase-negative strain S.
hominis SP-2 was susceptible to nafcillin (MBC, 0.25 jig/ml) and daptomycin (1.0 ,ug/ml) and relatively resistant to van- comycin (8 p,g/ml) and gentamicin (16 ,ug/ml) when grown in suspension. Biomaterial-adherent strain SP-2 exhibited increased resistance to daptomycin when the organism was bound to UHMWPE and PMMA but not to SS. When nafcillin was the challenging antibiotic, resistance was increased on SS and PMMA but not on UHMWPE. DISCUSSION The data presented on the susceptibility of biomaterialadherent coagulase-negative staphylococci to antibiotics compared with the susceptibility of organisms grown in suspension revealed that biomaterial-adherent bacteria had an increased resistance to antibiotics. This is consistent with previous reports in which essentially one antibiotic and one substratum were examined (4, 5, 16, 23, 24, 28; W. W. Nichols, M. J. Evans, M. P. E. Slack, and H. L. Walmsley, J. Gen. Microbiol., in press).
In this study, we compared several antibiotics and several biomaterials and noted that antibiotic resistance is apparently unrelated to the production of bacterial exopolysaccharides. This conclusion is exemplified by the susceptibility of the slime-producing strain RP-12 and the non-slimeproducing strain SP-2 to daptomycin when the organisms were adherent to SS, compared with the resistance of the slime-producing strain SE-360 to daptomycin when the organism was adherent to SS.
The level of resistance exhibited by biomaterial-adherent strains RP-12 and SE-360 to nafcillin was unpredictable on the basis of the MBCs of nafcillin for these strains when tested in suspension cultures. More importantly, the antibiotic MBC for all strains adherent to SS, UHMWPE, and PMMA could not be predicted by MBC determinations for the same bacteria growing in suspension.
Biomaterial correlation was displayed by SP-2 susceptibility to nafcillin when the organism was adherent to UHM WPE and its resistance to nafcillin when it was adherent to SS or PMMA. RP-12 also exhibited biomaterial effects, being relatively susceptible to daptomycin when the organism was bound to SS, compared with its resistance when adherent to UHMWPE or PMMA. The most consistent findings in these studies were the antibiotic resistance of all organisms examined when adherent to PMMA and the relative biomaterial specificity of resistance.
The data on bacterial binding to biomaterials revealed several other interesting findings. First, exopolysaccharideproducing organisms bound more bacteria per unit surface area than the non-slime-producing organisms did, suggesting a role for slime in quantitative bacterial adherence. Second, an increased number of organisms bound to PMMA per unit area than to SS or UHMWPE, indicating a possible biomaterial specificity for quantitative bacterial adherence of the biomaterial.
It has been suggested that the polyanionic nature of the mucopolysaccharide slime may form a diffusion barrier and inhibit the access of antibiotics to the cell wall (3-5, 11-13, 17, 21, 28) . The facts that the slime-producing strain RP-12 did not exhibit greater resistance than the non-slime-producing strains SE-360 or SP-2 and that the non-slimeproducing adherent strain SP-2 exhibited a substantial resistance to all antibiotics, particularly when the organism was adherent to PMMA, suggest that the role of exopolysaccharide slime in the resistance of S. epidermidis to antibiotics is questionable.
The surfaces of SS, PMMA, and UHMWPE provide a unique environmental niche to which coagulase-negative staphylococcal strains adhere and colonize. The colonization of these biomaterial surfaces with bacteria and the interaction between them somehow abrogate the action of antibiotics. Although excess exopolysaccharide slime production may interfere with antibiotic penetration, it is unlikely that this is the mechanism by which adherent organisms withstand high levels of antibiotics. Recent studies by Nichols (23; Nichols et al., in press) suggest that extracapsular polysaccharides do not present a significant diffusion barrier to antibiotics and that although binding to exopolysaccharides does occur, a sufficient amount of antibiotic does reach the cells and surfaces over a course of treatment.
Biomaterial surface or nutrient conditi6ns in microcolonies at the surface may also increase or decrease the metabolic rate (1, 10, 12; Nichols et al., in press). Another explanation is that bacteria within nutrient-starved portions of surface colonies have decreased metabolic rates, resulting in an increased resistance to antibiotics (1, 10, 23; Nichols et al., in press).
In summary, bacteria on surfaces or within microcolonies are probably physiologically different from organisms in suspension, and therefore their response to antibiotics may be altered, depending on the specific chemistry of the cell and the mechanism of action of the antibiotic.
The findings presented here suggest that the degree of colonization and antibiotic resistance are species related and substratum (biomaterial) directed and, to a degree, may be altered by substratum-induced phenotypic changes rather than by a barrier effect of exopolysaccharides.
